This study measures the impact of both on-board and user-side lossy image compression (CCSDS-IDC and JPEG 2000) on image quality and classification. The Sentinel-2 Image Performance Simulator was modified to include these compression algorithms in order to produce Sentinel-2 simulated images with on-board lossy compression. A multitemporal set of Landsat images was used for the user-side compression scenario in order to study a crop area. The performance of several compressors was evaluated by computing the Signal-to-Noise Ratio (SNR) of the compressed images. The overall accuracy of land-cover classifications of these images was also evaluated. The results show that on-board CCSDS performs better than JPEG 2000 in terms of compression fidelity, especially at lower compression ratios (from CR 2:1 up to CR 4:1, i.e., 8 to 4 bpppb). The effect of compression on land cover classification follows the same trends, but compression fidelity may not be enough to assess the impact of compression on enduser applications. If compression is applied by end-users, the results show that 3D-JPEG 2000 obtains higher compression fidelity than CCSDS and JPEG 2000 with other parameterizations. This is due to the high dynamic range of the images (representing reflectances * 10000), which JPEG 2000 is able to exploit better.
Introduction
Remote Sensing (RS) images are used for many applications, including land cover mapping and analysis, disaster management, climate modelling, and agricultural and forest management. The recent trend in RS satellites is characterized by an increase in resolution (spatial, spectral, and temporal) of the new satellite sensors. Unfortunately, this increase has to be kept inside the downlink capacity of the mission, or onboard compression needs to be applied. Lossless compression is applied on board, but lossy compression is also considered as a possible solution when lossless compression is not enough [1] . From the user perspective, this improvement in the sensors is greatly appreciated as it provides a large amount of data; however, at the same time it leads to management problems, especially when large time series are used.
The new Spatial Data Infrastructure (SDI) paradigm developed over recent years promotes the establishment of web data services, usually in terms of Open Geospatial Consortium standards like the Web Map Service (WMS), the Web Coverage Service (WCS) [2] , or the recent Web Map Tile Service (WMTS) [3] . However, it is necessary to use compression and interactive transmission strategies for these web services in order to transfer images (which may be very large in the case of WCS), repetitively, to environments with restricted bandwidth. It is also necessary to standardize data compression and transmission formats in SDI environments in order to make interoperability possible. Thus, the use of standard compression formats is unavoidable even if it implies slightly worse compression than that obtained with new but nonstandard algorithms recently published.
Previous research on image compression (usually without taking into account the effects on the user's application) concluded that wavelet-based algorithms, such as JPEG 2000 (ISO standard since 2000, revised in 2004 [4] ), obtain better results than those based on discrete cosine transform (DCT), such as JPEG. Thus, JPEG 2000 seems the option that should be studied further in terms of the effect of compression on the final user application, such as crop classification. The Consultative Committee for Space Data Systems (CCSDSs) has been developing space data handling standards for onboard compression since 1982. The Image Data Compression (IDC) recommendation (CCSDS 122.0-B-1 [5] ) is a lossless and lossy compression standard designed specifically for use on board a space platform. This standard has sought a balance between the complexity of the algorithm and its performance, and thus it can be implemented by hardware and software more easily. The CCSDS-IDC encoding process is divided in two parts. First a 2D-discrete wavelet transform (with three DWT levels) is performed in order to decorrelate the original data. Then the transformed data are rearranged in 8 × 8 blocks that are grouped in segments. Finally each segment is independently encoded by the bit-plane encoder.
The main aim of this work is to compare the impact of the CCSDS and JPEG 2000 compression standards, paying particular attention to both payload data processing and user-side applications. This double approach can be applied in order to determine both the moment in the processing chain when compression should be applied (on-board or at the end of the processing chain) and the analysis to be performed (noise evaluation or final application assessment). The effects of both on board and user-side compressions were studied in terms of compression fidelity and an applied approach, that is, image classification.
Methods and Scenes Used
Two different scenarios have been studied in this paper: The first scenario evaluates the effect of on-board compression and the second scenario the effect of user compression. In both cases the compression performance was evaluated using noise evaluation and a final application assessment. In the following subsections we explain the methods and scenes used for the two scenarios (on-board compressionSection 2.1-and user-side compression-Section 2.2) and the methods for evaluating the impact of compression in the two scenarios (Section 2.3).
In this paper, the compression ratio (CR) is computed as the ratio between the size of the original file and the size of the compressed file and is expressed as, for example, 10 : 1 for a file that is compressed to a tenth of the original file size. This measure is used because it is more intuitive for a more general remote sensing user community that is not used to other compression measures such as bit rates (BRs) in bits per pixel per band (bpppb). Moreover, in the SNR graphics, the compression measure is also expressed using bit rates in bpppb to allow comparison with compression literature. CR and BR measures are inversely proportional. It is necessary to mention that all images used on the paper have an initial bitdepth of 16 bpppb, thus a CR 2 : 1 is equivalent to a bit rate of 8 bpppb, or a CR 5 is equivalent to a bit are of 3.2 bpppb.
On-Board Compression

Overview of the Sentinel-2 Mission and the Sentinel-2 Image Performance Simulator.
To assess the effect of onboard image compression, we used the instrument simulators developed to assess mission requirements. The Sentinel-2 optical mission [1, 6] is part of the Global Monitoring for Environment and Security (GMES) system, which is a joint initiative of the European Commission (EC) and the European Space Agency (ESA) designed to develop the European capacity for providing and using operational monitoring information for environment and security applications. Sentinel-2 polar-orbiting satellites provide systematic global acquisitions of high-resolution multispectral imagery with a high revisit frequency. The optical payload, the Multispectral Imager (MSI), will acquire scenes at three simultaneous resolutions (10 m, 20 m, and 60 m) in the VNIR and SWIR ranges over a wide swath of around 290 km.
The Sentinel-2 Image Performance Simulator [7] was developed by EADS Astrium. It produces simulated Sentinel-2 images starting from hyperspectral images with an adequate spectral configuration (covering all bands of the MSI instrument) whose pixels represent the bottom of the atmosphere's reflectance. The simulator is able to simulate Sentinel-2 images using on-board compression at several compression ratios. The compression and decompression during the image simulation is performed by calling external executables. As our main concern is to compute the performance of CCSDS and JPEG 2000 when they are used on board, the simulator has been modified to allow the user to select from among three compression choices: CCSDS, JPEG 2000, and the compressor that was originally included (nonstandard, developed by CNES).
The simulator was developed to produce images which can be delivered from the ground segment at several postprocessing levels, from observed rough data products to estimated geophysical end products. In this study we generate simulated images at level 1b by applying geometric and radiometric calibration corresponding to ground segment processing to obtain images that are ready to be georegistered and georeferenced. Thus, the simulation includes on-board acquisition and compression as well as ground segment processing.
Areas and Scenes: CEFLES-2
Campaign. CEFLES-2 (CarboEurope, FLEX and Sentinel-2) was conceived as a collective multiobjective campaign to exploit the synergies between the three experiments that were collocated in the Les Landes region of France from April to September 2007 [8] . It focused on various landscape types, including urban, agricultural, water, and forested areas. The campaign was mainly based on optical airborne and satellite acquisitions and the dataset obtained was completed with several onground observations and measurements.
The airborne hyperspectral acquisitions were considered as the main input for the simulation phase. The Airborne Hyperspectral Scanner (AHS) is an 80-band airborne imaging radiometer developed and built by SensyTech Inc. (currently Argon ST, and formerly Daedalus Ent. Inc.) and is operated by the Spanish Institute for Aerospace Technology (INTA) in different remote sensing projects. It has 63 bands in the reflective part of the electromagnetic spectrum, 7 bands in the 3 to 5 µm range, and 10 bands in the 8 to 13 µm region.
The study uses four AHS images (see Figure 1 ) from the third mission of the CEFLES-2 campaign (September 2007), covering areas with different landscapes (urban, crops, forest, and mixed areas). Les Landes is characterized by an agricultural environment with different types of crops and fields located around very small urban centers. Two images of this area were selected. The first one covers a tree crop area (P01BS) and the second one covers a nontree crop area (P03BS) for which ground truth is available. Images over Toulouse were sensed over very urbanized areas (T01BS), including city outskirts mainly characterized by asphalted areas and industrial zones, and also a forested area (F01BS). For the selected urban area the ground truth can be digitized by means of photo interpretation.
Compression.
The ESA CCSDS compression implementation [9] was used to compress the images using the CCSDS standard. This implementation does not have a command line application for decompressing the images, and therefore the University of Nebraska-Lincoln implementation [10] was used for decompression. The JPEG 2000 compression implementation of the Autonomous University of Barcelona (GICI group) [11] , called BOÍ, was used to compress and decompress images using the JPEG 2000 standard. Moreover, the CNES internal compressor (a nonstandard compression algorithm, included in the original Sentinel-2 image performance simulator) was used in order to compare the results obtained with those obtained with previous standardized options. Details about how CNES compressor works cannot be disclosed because it is covered by a patent.
Two strategies were used to distribute the bit rate (defined for each band) among bands. The first strategy uses the same target compression ratio (CR, i.e., the same bit rate) for all the bands. The second strategy applies more compression to the 10 m bands and less compression to the 20 m and 60 m bands in order to obtain the same overall target compression ratio. The proportion of the compression ratio applied to each band follows the proportions usually used in Earth Observation scenarios of CR 4.0 for the 10 m bands and CR 2.2 for the other bands. Taking into account these values and the spatial and spectral configuration of Sentinel-2, the proportion was set to 0.6776 and 1.2320 of the desired CR to be applied to the 20-60 m and 10 m bands, respectively. The compression ratio applied to each band (and the bit rates used) at several compression ratios is shown in Table 1 .
The first CRs are those studied for the Sentinel-2 mission. Although CR 10 and 20 are out of the scope of Sentinel-2, they were also studied in order to determine their impact on classification. For these higher compression ratios only the equally distributed bit rates were selected because they are out of the scope of on-board Earth Observation missions, and therefore the previous rule does not need to be applied.
Classification.
Some processing needs to be carried out after image simulation (with or without compression) and before image classification. The simulated bands that will be used in the classification (10 m and 20 m bands for "Les Landes-P03BS" and "Toulouse-Urban-T01BS" scenes) need to be registered to the desired projection system, stacked in one file and finally used for the classification. All these processes are included in an IDL routine and can be applied easily to each of the desired scenarios (different scenes, compression ratios, and compression algorithms). Registration was performed using the MiraMon software [12] by defining ground control points in each set of images (10 m and 20 m) and by batch processing. The ENVI Layer Stacking basic tool was used to create a single BSQ file with all bands with a pixel size of 20 m, with a cubic convolution resampling method. The resulting file was used to feed the classifier algorithm (Maximum Likelihood) using ENVI software [13] . It is important to bear in mind that when compressed images are classified, the classifier is trained with the actual lossy compressed data that will be classified, not with the original uncompressed data. Moreover, we wanted to point out we computed the histograms of original (noncompressed) images and the histograms of compressed images inside the training areas to prove that they generally fit to a Gaussian model and, thus, it is feasible to use a classifier such as Maximum Likelihood.
Training and test areas are needed to execute the supervised classification and to evaluate it. For the "Les Landes-P03BS" scene, the CEFLES-2 campaign included ground truth information regarding crops in the area. Using this information, the entire set of ground truth data was manually digitized in the original AHS image. 165 polygons were digitized as ground truth, covering a total area of 218 ha (more than 10% of the area covered by the image). The target legend for this area includes corn, trees, plastic foils, wheat, wild grass, fruit trees, beans, wheat mixture, water, and bare soil. However, no ground truth information was originally available for the "Toulouse-Urban-T01BS" scene. Thus, a general classification was carried out by manually digitizing the categories to be classified in the original AHS image. 165 polygons were digitized as the ground truth, covering a total area of 135 ha (about 4% of the area covered by the image). The target legend for the Toulouse scene includes water, trees, gardens, soil, agricultural fields, asphalt, and buildings. The ground-truth information (of each scene) was randomly split into two sets, one for training the classifier (70% of the ground-truth) and the other for carrying out an independent evaluation test (remaining 30%). Each spatially disjoint field was assigned to a training or test set in order to avoid a chessboard distribution of the training and test pixels, which would generate strongly correlated and positively biased estimations of the probability of correct classification.
User-Side Compression.
To assess the impact of the CCSDS and JPEG 2000 compression standards, it is also necessary to consider the scenario in which compression is applied at the very end of the image processing chain, that is, just before the final end-user application. In this scenario, the aim is to assess the influence of lossy image compression on digital classification applied to crop areas in a real management environment, that is, a multitemporal set of images that covers a wide area. This study focuses on crop areas because of their economic and human interest and because of the challenge they represent. However, to obtain the best results it is advisable to mask agricultural fields due to their heterogeneity [14] .
Areas and Scenes.
Two medium-sized zones were chosen, located in two different agricultural regions: Segrià and Pla d'Urgell (see Figure 2 ). The Segrià zone has more fruit trees and is slightly less fragmented (see Figure 3) . The Pla d'Urgell zone has more maize and is somewhat more fragmented, and irrigated herbaceous crops and dry permanent crops predominate in this area. Both zones are in Catalonia (NE Spain). They were analyzed using Landsat-5 TM images, which are especially suitable for producing land cover maps due to their spatial, temporal and spectral resolution [15] . Images were geometrically corrected, resampled (using the nearest neighbor to preserve the original radiometry) [16] , and processed to convert digital numbers to reflectance values [17] . Landsat TM images store each value band in bytes; however, radiometric correction produces short integer images (reflectances * 10000, 16 bpppb).
The dimensions of the fragment of the TM scenes covering the study zones were 1517 × 1311 pixels (53585 ha of crops) for Segrià and 1307 × 1059 (50099 ha) for Pla d'Urgell. Both were analyzed using images from 16- 
2.2.2.
Compression. CCSDS and JPEG 2000 were both considered in order to measure the effect of compression on the classification results. Unlike in the on-board compression scenario (Section 2.1.3), in this scenario not only monoband compression was used but also multiband and three-dimensional (3D) compression were analyzed with the appropriate software. The compression algorithms used were the same as those used within the simulator as well as Kakadu [18] to perform 3D JPEG 2000 compression (i.e., a decorrelation method was applied not only in the spatial domain but also in the spectral domain).
The CCSDS compression standard in image frame mode allows the user to compress each band independently. As the images we are dealing with have six bands (the TM thermal band was not used), we decided to compress each band separately to the desired compression ratios (hereafter CCSDS). JPEG 2000 compression allows monoand multiband compression. Thus, several strategies were used for JPEG 2000 compression. To obtain comparable results for the two compression standards, a first JPEG 2000 approach compressed each band independently (hereafter J2K). Then, two more approaches were used: a multiband compression that compresses all the bands of each image (each date) in a single JPEG 2000 file (hereafter J2Km, without compression among bands), and the last scenario using a 3D JPEG 2000 compression (hereafter J2Km 3D, using spectral-3D-compression) to make full use of the JPEG 2000 capabilities. The compression ratios studied were 2, 2.39, 3, 4, 4.79, 5, 6, 7, 8, 9, 10, 15, 20, 50, and 100 (corresponding to bit rates of: 8, 6 .69, 5.33, 4.92, 4, 3.34, 3.2, 1.6, and 0.8 bpppb, respectively).
The original images have areas without data (NODATA) due to the radiometric corrections carried out on them and the presence of a small number of clouds. The compression/decompression programs that were used are currently unable to recognize these NODATA values. Using these values as useful values when an image is compressed will generate serious errors in the compressed image, especially if the NODATA value is an extreme value of the available rank, which is very usual. According to the existing literature, the JPEG 2000 compliant approach that obtains the highest compression fidelity is the one that substitutes NODATA values with arithmetical means of the whole image before it is compressed [19] . Finally, it is necessary to create a mask with the NODATA areas in the original images (different for each date and band) that can be reapplied to the images after decompression.
Classification.
In order to classify only the crop areas, a mask obtained from the Land Cover Map of Catalonia was applied (as determined by [14] ). Two classification methods were fed with the five available images, that is, 30 bands. The first one (hereafter IsoMM) is a hybrid classifier that combines an unsupervised classifier and a nonparametric Journal of Electrical and Computer Engineering supervised classifier [20, 21] implemented in MiraMon software [12] . Moreover, classic Maximum Likelihood general classifier (ENVI implementation [13]) was also used (hereafter MaxLike). According to the on-board compression scenario, the classifiers were trained with the same lossy compressed data that will be classified. Moreover, normality of data has been tested in order to guarantee the feasibility of using a classifier such as Maximum Likelihood.
Evaluation of Compression Effects.
The performance of several compressors and compression ratios was evaluated using compression noise evaluation and a final application assessment. First, the SNR (Signal-to-Noise Ratio) of the compressed images (in relation to the simulated or original image without compression) was computed and then the overall accuracy of the land-cover classifications of the images was used.
Compression Noise Evaluation Method.
To evaluate compression noise, original and simulated images (without compression) were compared to those obtained by applying compression algorithms. The Gcomp application (developed by the GICI group of the Autonomous University of Barcelona) was used to compute the SNR.
Classification Evaluation Method.
The classifications obtained (from images with or without compression) were evaluated using the confusion matrix [22] based on groundtruth test areas that are independent from the training areas used in the supervised classification stage. Using test areas (covering a small percentage of the classified area) is a common approach for evaluating classifications (i.e., in [23] ) because it employs independent information not used in the classification, and is not very time consuming. Moreover, when compression effects are evaluated, it is also usual to compare classifications of compressed images with the classifications of noncompressed images (i.e., in [24] ). This evaluation method has a high comparison area, which allows more robust results to be obtained. Thus, the confusion matrix was also obtained using the classification of noncompressed images as ground truth (instead of test areas). These two complementary evaluation approaches enhance the comparability of this study with those published earlier.
Results
Compression Noise Evaluation Results
On-Board Compression.
Compression noise was assessed by computing the SNR between L1B bands simulated with lossy compression with L1B bands simulated with lossless compression (both using instrument noise). Several compression ratios and two approaches for distributing compression among bands were studied. Only a few values were available for the CNES compressor, and therefore the results are presented in two different sets. First, Figure 4 and Table 2 show the mean SNR obtained by all the bands of each simulated image using CCSDS and JPEG 2000 compressions at several compression ratios. In the figure (showing compression ratios up to CR 5, i.e., 3.2 bpppb), line color indicates the compression algorithm (red or orange for CCSDS and blue for JPEG 2000), while line style depicts whether the bit rate was distributed unequally or equally among bands (continuous and dashed, respectively). The table shows the results for the higher compression ratios studied (CR 5 to 20, i.e., bit rates from 3.2 to 0.8 bpppb). CR 5 appears in both the figure and the table so they can be easily related.
The results of the CCSDS and JPEG 2000 compressors clearly indicate that CCSDS performs better than JPEG 2000 at lower compression ratios (up to CR 5 : 1, i.e., 3.2 bpppb, see Figure 4 ). JPEG 2000 performs better than CCSDS if higher CRs are used (10 or 20, i.e., less than 1.6 bpppb, see Table 2 ). This trend is found both for an unequal and equal bit rate distribution among bands. The two approaches were compared and it was found that unequally distributed scenarios clearly obtain a higher all-band mean SNR. It is difficult to compare the CNES compressor with CCSDS and JPEG 2000 because only a few mean values of all bands are available for the CNES scenarios. Thus, the presented comparison is based on 10 m bands, which are the subset of bands with the most available CNES results. The SNR of the 10 m bands for all compression algorithms is presented in Figure 5 . As expected, in this case the equal distribution of bit rate obtains better results because it implies that less compression is applied to these bands (i.e., for CR 2, i.e., 8 bpppb, when unequally distributed BR is used, the actual CR applied to 10 m bands is 2.464, i.e., 6.49 bpppb, see Table 1 ). In most cases CNES compression obtains a lower compression fidelity than either of the other compression standards. Moreover, as this is not a standardized algorithm, using it on board should be avoided.
Interestingly, in some cases, and despite the compression standard and ratio applied, the SNR results are the same up to medium compression (up to 5.9 depending on the band and scene). The number of scenarios with the same SNR can be explained taking into account spatial resolution and the dynamic range of each band (the larger the pixel size or the lower the dynamic range, the more compression ratios that will have the same PSNR). Interestingly, this order is also related to the difference between JPEG 2000 and CCCSD SNR values. Thus, for the same spatial resolution, the higher the dynamic range, the smaller the difference between the two compression standards. Figure 6 shows the mean SNR for all the bands computed for both of the crop scenes used at several compression ratios and using the four studied compression options. In this case, CCSDS gives the worst results. However, as expected the more JPEG 2000 features used, the better the results obtained. Between areas, the Pla d'Urgell area obtains a smaller SNR, which makes sense if we take area fragmentation into account because the Pla d'Urgell is the most fragmented area. Comparing these results with those obtained in the previous section (onboard compression), it seems that they are not consistent. But if we take a careful look at them, we find that the higher the dynamic range, the smaller the difference between 
User-Side Compression.
Classification Evaluation Results
On-Board Compression.
The "Les Landes-P03BS" and "Toulouse-Urban-T01BS" scenes were used to assess the impact of on-board compression on image classification. Only the CCSDS and JPEG 2000 standards were studied because the CNES compressors had very few scenarios with available results. To evaluate each classification its overall accuracy was first computed using a confusion matrix with independent ground-truth areas (as in [23] ). The results of the two scenes (see Figures 7(a) and 7(b)) are quite different and the trends are not always in line with previous SNR results. This is interesting because it reminds us that it is necessary to use applied approaches, and not only noise or fidelity approaches, to evaluate the impact of onboard compression on the end-uses of the images. For the "Les Landes-P03BS" scene, the impact of JPEG 2000 compression on the overall accuracy is lower than that of CCSDS. Moreover, and at low compression ratios, equal distribution of the BR among bands gives similar or even better results than unequally distributed BR. These trends are contrary to those obtained with the SNR estimations. For the "Toulouse-Urban-T01BS" scene, the trends show that CCSDS improves JPEG 2000 results and that unequally distributed BR is also better for the applied approach. The reason for the different behavior of the "Les Landes" scene may be the less fragmentation of the area, covered by extense fields, with a landscape that is robustly classified at several CRs or using different compression algorithms.
To examine this question in more depth and to obtain complementary evaluation information, the classification of noncompressed images was used as ground-truth for evaluating the compressed classifications (as in [24] ). A confusion matrix can also be computed in this case to obtain the overall accuracy in relation to the original classification. The results are presented in Figures 7(c) and 7(d) . Using this approach, the two areas show the same behavior as that observed before, that is, unequally BR distribution preserves more valuable information for the classification and obtain a higher overall accuracy. From this point of view, differences between the two compression standard are small but CCSDS performs slightly better. The differences between the two evaluation approaches outline the risk of not succeeding when the aim is to obtain a representative set of test polygons for the entire study area (as found in [25] ).
User-Side
Compression. The first approach shows the overall accuracy obtained using independent test areas (as in [23] ). The results are shown in Figure 8 . It can be seen that not much variation is produced in the overall accuracy in relation to the compression ratio. This is probably because the multitemporal approach that allows an optimal characterization of the categories even if some details on some bands are lost due to compression. Secondly, classifications were evaluated considering the classification of noncompressed images as ground truth (as in [24] ). These results are shown in Figure 9 . The trends in the overall accuracy computed with this second approach are clearer. In terms of the compression standards, CCSDS obtains the worst results followed by J2K, J2Km, and J2Km 3D. However, some specific situations should be mentioned. For the IsoMM classifier at low compression ratios, CCSDS performs better than the other standard (in both studied areas). This is probably because JPEG 2000 produces a more smoothing effect (because more wavelet transform levels are used by default), and thus it loses the differences among neighbor pixels that are exploited by the unsupervised step of the classifier. This reminds us once again that the study of compression noise (by means of SNR or other metric computations) is not enough to assess the real impact on the applications of end users. Further research needs to be carried out especially regarding hybrid and unsupervised classifiers.
In terms of classification methods, the IsoMM classifier is most affected by compression. As an indicator we can determine the compression ratio at which the overall accuracy in relation to the original classification is lower than 90%. For IsoMM this CR is around 3 or 4 for the Segrià area (i.e., 5.33 to 4 bpppb), and 4 or 4.79 for the Pla d'Urgell area (i.e., 4 to 3.34 bpppb), depending on the compression standards. However, for the MaxLike classifier it is possible to compress up to 15 : 1 in both areas (i.e., 1.07 bpppb) before this loss in the overall accuracy is reached (both areas).
Finally, some differences can also be concluded from the results when the two studied areas are compared. The Pla d'Urgell area is more affected by compression because it is more fragmented, as can be seen in the larger decrease in overall accuracy for all the compression algorithms and classification methods, especially at high compression ratios (e.g., at CR 20 : 1, i.e., 0.8 bpppb, using CCSDS standard, PU obtains 1.10 percentage points less than Segrià area).
Discussion of the Results
On-Board Compression.
From the evaluation of the impact of on-board compression using the Sentinel-2 Image Performance Simulator and testing the CNES, CCSDS, and JPEG 2000 compressors it can be concluded that CCSDS obtains higher compression fidelity than JPEG 2000 at lower compression ratios (up to CR 5 : 1, i.e., 3.2 bpppb). This improvement is up to 8.01 dB in the best case ("Les Landes-P03BS" scene compressed at CR 2 : 1, i.e., 8 bpppb). However, at higher compression ratios (out of the scope of Earth Observation on-board missions), JPEG 2000 performs better than CCSDS.
It is also interesting to take into account that the larger the dynamic range, the smaller the difference between the two compression standards. Using an unequal distribution of BR among bands (e.g., CR 4.0, i.e., 4 bpppb, for 10 m bands and CR 2.2, i.e., 7.27 bpppb, for 20-60 m bands) improves the overall compression fidelity obtained (using any of the compression algorithms in this paper). The CNES compressor generally obtains lower compression fidelity than the two other compression standards. Moreover, as it is not a standardized algorithm, using it for Earth Observation on-board missions should be avoided.
In most cases the impact of compression on image classification follows the previous trends; however, we need to keep in mind that compression fidelity may not be enough to assess the impact of compression on end-user applications. Differences among compression algorithms and compression ratio distributions are smaller than differences in compression fidelity.
User-Side Compression.
The evaluation of the impact of end-user compression using Landsat images and testing CCSDS and JPEG 2000 compressors showed that JPEG 2000 using 3D wavelet transform obtains higher compression fidelity than CCSDS and JPEG 2000 with different parameterization. This is due to the large dynamic range of the images (representing reflectances * 10000), which JPEG 2000 exploits better. This improvement is up to 16.63 dB in the best case (Pla d'Urgell area compressed at CR 2 : 1, i.e., 8 bpppb, with 3D JPEG 2000).
The overall accuracy obtained using independent test areas did not show much variation in relation to compression ratio in some scenes, probably because the low fragmentation of the area or the multitemporal approach that allows an optimal classification (even if some details are lost due to compression). When the overall accuracy is calculated considering the classification of noncompressed images as ground truth, the trends are clearer. CCSDS obtains the worst results followed by J2K, J2Km, and J2Km 3D. However, some particular situations should be mentioned. For the IsoMM classifier at low compression ratios CCSDS performs better than the other standard (in both studied areas). The study of the compression noise (by means of SNR or other metric computations) is not enough to assess the real impact of compression on end-user applications. Further research needs to be carried out especially regarding hybrid and unsupervised classifiers. The IsoMM classifier is the most affected by compression. The compression ratio at which the overall accuracy in relation to the original classification is lower than 90% is around CR 4.79 (i.e., 4 to 3.34 bpppb) in the best case for IsoMM, that is, 3.34 bpppb, at 15 : 1 for MaxLike, that is, 1.07 bpppb.
The more fragmented the area is, the higher the impact of compression is. For example, the Pla d'Urgell shows a larger decrease in overall accuracy for all the compression algorithms and classification methods, especially at high compression ratios (e.g., at CR 20 : 1, i.e., 8 bpppb, CCSDS standard, Pla d'Urgell obtains 1.10 percentage points less than the Segrià area).
Conclusions
The set of experiments performed to assess the impact of CCSDS and JPEG 2000 compression on Earth Observation scenarios shows that the relative performance of compression standards depends on the dynamic range of the image to be compressed as well as the image fragmentation.
For low dynamic ranges, CCSDS performs better than JPEG 2000 at most CRs; thus, if on-board compression is used, CCSDS is the best option, not only due to its better performance but also due to its smaller computational requirements. This improvement is up to 8.00 dB (Sen-2 simulated images using "Les Landes-P03BS" scene compressed at CR 2 : 1, i.e., 8 bpppb). When the dynamic range is larger or the compression ratio is higher (i.e., compressing images at the user side, representing reflectances * 10000, or compressing images on board at a high CR) The impact of compression on classification usually follows compression noise trends, but differences among compression algorithms are smaller, particularly with IsoMM classifier. Further research needs to be carried out, especially regarding hybrid and unsupervised classifiers. IsoMM and maximum likelihood classifiers are more affected by compression. The compression ratio at which the overall accuracy in relation to the original classification is lower than 90% is around CR 4.79 for IsoMM (i.e., 3.34 bpppb) and at 15 : 1 for MaxLike (i.e., 1.07 bpppb). The more fragmented the area, the large the impact of compression. For example, the Pla d'Urgell shows a larger decrease in overall accuracy for all the compression algorithms and classification methods, especially at high compression ratios (e.g., at CR 20 : 1, i.e., 8 bpppb, using the CCSDS standard, Pla d'Urgell area obtains 1.10 percentage points less than the Segrià area).
To extend this research, a mathematical approach can be explored further to determine a rule that relates image characteristics to compression impact. This is quite an ambitious aim that can be approached theoretically by computing the compression noise of images with several dynamic ranges (e.g., modifying it manually) and with several image fragmentations (a measure of this image fragmentation or image information content should be further explored). Moreover, further research is needed on Figure 9 : Overall accuracy (in %) computed using classification of noncompressed images as ground-truth in relation to the compression ratio (CR, expressed as x : 1, e.g., 5 : 1). The two study areas, two classifying methods and four compression scenarios are shown.
the impact of compression when it is performed in ground segment processing.
